Double-stranded DNA may contain mismatched base pairs beyond the Watson-Crick pairs guanine-cytosine and adenine-thymine. Such mismatches bear adverse consequences for human health. We utilize molecular dynamics and metadynamics computer simulations to study the equilibrium structure and dynamics for both matched and mismatched base pairs. We discover significant differences between matched and mismatched pairs in structure, hydrogen bonding, and base flip work profiles. Mismatched pairs shift further in the plane normal to the DNA strand and are more likely to exhibit non-canonical structures, including the e-motif. We discuss potential implications on mismatch repair enzymes' detection of DNA mismatches.
Introduction
Bases in double-stranded DNA occur in complementary pairs: adenine (A) matches with thymine (T), and cytosine (C) matches with guanine (G). This exact pairing allows for DNA duplication during mitosis and cell growth. DNA replication, however, is susceptible to errors and mutations at a frequency of 1 per 10 7 base pairs per mitosis cycle; (1) this creates base pair mismatches, such as guanine-thymine (GT). DNA mismatches induce negative consequences on human health, including higher mutation rates, (2) genetic defects, (3) (4) (5) and cancer. (5) (6) (7) (8) We study the effects of base pair mismatches on DNA structure at the molecular level. We employ molecular dynamics computer simulations to quantify the differences in structure between DNA strands with matched and mismatched base pairs. Our focus is on geometric order parameters describing base pair structure, (9) hydrogen bonding between opposing bases, and flipping DNA bases out of the helix. For a subset of these observables matched and mismatched base pairs deviate significantly, especially those which report on in-plane geometries.
To elucidate the physical properties of mismatched base pairs, we compute the work required to rotate a single base out of the DNA double helix. This rotation, called base flip, (10) is a crucial process by which enzymes detect and selectively repair post-replicative errors. Proteins of the Mismatch Repair (MMR) system proofread the DNA; upon encountering a mismatch, an MMR enzyme flips the offending nucleotide out of the DNA double helix and into its active site before proceeding with the repair pathway. (5, 7, (11) (12) (13) MMR proteins decrease the mutation rate between 50-1000 times, to a rate of 1 per 10 9 -10 10 base pairs per cell division. (1, 14) Base flip requires an activation energy exceeding thermal fluctuations, and is unlikely to occur on the timescale of typical molecular dynamics simulations. To overcome this obstacle, we utilize the well-tempered metadynamics algorithm; driving the simulation away from the ground state. The free energy profiles in some mismatched pairs demonstrate a metastable state in which both bases flip out of the DNA strand and nest in the minor groove. This may contribute to MMR proteins' ability to recognize mismatches. Our results do not indicate a systematic trend in free energy difference between the flipped-in and flipped-out states as a quantitative predictor of mismatch recognition, largely due to this unusual minor-groove-nested structure. The presence of this structure does not predict MMR recognition, which highlights the importance of analyzing additional physical properties such as DNA bending. (13, (15) (16) (17) (18) 
Methods

Model Building
We construct atomistic models of B-DNA containing twelve base pairs by employing the 3DNA software. (19) The sequence is of the form CTGA ACXA ATGT, where the placeholder X represents any one of the four nucleotides. Bases 1-6 and 8-12 pair with matched nucleotides, whereas X pairs with either a matched or a mismatched base, denoted Y. We use the notation XY to identify our considered sequence. We study a total of eleven systems, four matched (XY ∈ {AT, TA, CG, GC}) and seven with a single mismatch (XY ∈ {AA, AC, AG, CC, CT, GT, TT}). We do not include the GG mismatch because steric influences prevent a hybridized equilibrium state.
We minimize each model for 200 steps of steepest descent by applying the CHARMM27 Force Field, (20) which we employed throughout. We solvated the structures with explicit TIP3P water (21) in a dodecahedral simulation box extending at least 1 nm beyond the DNA polymer in all directions. We randomly substituted 22 water molecules for Na + counter-ions to neutralize the system. The solvent was minimized for 200 steps of steepest descent and equilibrated for 100 ps. We equilibrated each full system for 1 ns.
Molecular Dynamics Simulations
We performed simulations at 300 K in the NVT ensemble with stochastic velocity rescaling, (22) periodic boundary conditions, and a 2 fs timestep employing the Gromacs simulation suite. (23) We utilized the SHAKE algorithm (24) to constrain covalent bonds that include a hydrogen atom, and treated long-range electrostatic interactions with the Particle Mesh Ewald method (25) with a non-bonded cutoff of 1.2 nm. After equilibration, we performed unbiased simulations for 100 ns and saved trajectory coordinates every 10 ps. To identify representative configurations, we applied the Biopython (26) module cluster.kmedoids.
Structure, Hydrogen Bonding, and Base Flip
Roll, tilt, twist, slide, rise, shift, buckle, propeller, opening, stagger, shear, stretch, (pictured in Fig. S1 ) and inter-base hydrogen bonding were calculated using 3DNA; (19) probability distributions and free energy profiles were determined by in-house computer code. We measure bend as presented by Sharma et. al.: (16) we section the DNA into three (bases 2-4/21-31, 5-8/17-20, and 9-11/14-16) and calculate the angle between the centers of mass of the heavy atoms. To measure base flip, we adopt a pseudo-dihedral angle first described by Song et. al., (10) defined as the dihedral angle between points P1, P2, P3, and P4 where P1 is the center of mass of the two neighboring base pairs, P2 and P3 are the centers of mass of the phosphates which flank the flipping base, and P4 is the center of mass of the pyrimidine ring, or the five-membered ring of the purine. (Fig. 1 ) Changes in base flip angle are positive if X crosses into the major groove or if Y crosses into the minor groove, and negative otherwise.
Metadynamics Simulations
We employ well-tempered metadynamics simulations with two collective variables: the base flip angle of X and the base flip angle of Y. For comparison, we perform simulations in which we bias only one of these two base flip angles as a collective variable. Using the PLUMED plug-in, (27) we add Gaussian biasing potentials to the collective variable(s) with a height of 3 kJ/mol, width of 0.08 radians, a deposition rate of 1 ps, and a well-tempered bias factor of 6, for a total simulation length of at least 700 ns per system. We reconstruct the 2D free energy surface as the inverse of the potential energy added to the system as described in Ref. (28) . We pinned the base pairs terminating the DNA strand and the base pairs neighboring the flipping bases by their inter-pair hydrogen bonds to prevent the system from artificially melting. We constrain each hydrogen bond to a distance of 0.2 nm with a harmonic constant of 40 kJ mol
Evaluating Correlations
For any two order parameters x and y, we calculated the covariance as
where
Here, the angular brackets denote the equilibrium average,
where the probability distribution, P , is proportional to the exponent of the negative free energy:
For well-tempered metadynamics simulations, we reconstructed free energy diagrams for structural order parameters utilizing the re-weighing method described by Bonomi et. al. (29) Calculating free energy differences
We convert two-dimensional free energy profiles to one-dimensional free energy profiles by integrating:
where G is the free energy function, y is the variable integrated out of the profile, x is the remaining variable, and k B T is the Boltzmann constant multiplied by the simulation temperature. We calculate the free energy difference, ∆G, by subtracting the free energy of the hybridized conformation from that of the solvent-facing conformation. To calculate the free energy of each state, we evaluate
where x min and x max are the left and right boundaries of the state, defined by the flanking free energy maxima.
Results and Discussion
Structural Order Parameters
For each system, we calculate the probability distributions of the DNA order parameters buckle, opening, propeller, rise, roll, shear, shift, slide, stagger, stretch, tilt, and twist from unbiased molecular dynamics simulations. These distributions (and the corresponding free energy profiles) give valuable information regarding the structures of the hybridized ground state and of the base pair of interest. Imhof and Zahran (30) calculated these distributions for the AT and GC matches as well as the GT mismatch. For these base pairs, our results agree with theirs, despite our employing different DNA sequences.
For all studied base pairs, we measure the similarity in structure of matches and mismatches by calculating the probability overlap:
which is the integrated area of the minimum of the mismatched probability density (P mis ) and the mean of the corresponding matched probability densities (P mat ). This measure of overlap ranges from 0 to 1, where 0 indicates complete dissimilarity of structure and 1 indicates exact similarity. We provide an illustrative example in Figure S2 . We calculate overlap values and present the results in Table 1 . Our data demonstrate that, on average, GT is the most similar to its matched counterparts. This is an unintuitive result, as GT is one of the easiest mismatches for MMR proteins to identify. (31) (32) (33) (34) In a similar vein, CC is one of the most difficult for MMR proteins to recognize, (31) (32) (33) (34) but it possesses one of the structures most dissimilar from matched configurations. This trend holds for bend, which has previously been determined to correlate with base flip, (15, 16) and is thus a likely mechanism for MMR recognition.
Our data reveal that the distributions of stretch, shear, opening, twist, and shift vary the most when we compare mismatched with matched base pairs. These order parameters are within the plane perpendicular to the DNA. Order parameters presenting negligible differences include roll, rise, buckle, propeller, and stagger; all defined outside of the perpendicular plane. Table 1 : Overlap between order parameter distributions of mismatched and corresponding matched base pairs, Eq. 7, ordered both top-to-bottom and left-to-right by increasing overlap (as averaged over rows and columns, respectively). Values range from 0 to 1, where high numbers signify large similarity.
mostly within the plane of the base pair, not along the length of the molecule. These distortions do not appear to correlate with MMR enzymes' ability to identify mismatches. (31) (32) (33) (34) 
Hydrogen Bonding
We calculate the mean number of hydrogen bonds between the two bases of interest, X and Y. We present our results in the second column of Table 2 . As expected, the average number of hydrogen bonds for the matched pairs AT and TA is approximately two, and for pairs CG and GC it is approximately three. Mismatched base pairs contain a consistently lower number of hydrogen bonds than their matched counterparts. Because hydrogen bonding between opposing bases determines DNA stability, (35-40) these results indicate decreased stability in the presence of mismatches; a result well-known experimentally. (41-44) According to our results, hydrogen bonds do not systematically correlate with any of the analyzed structural parameters (Fig. S3 ), though weak trends are discernible. The correlation with stretch, if present, is always negative. This is an expected result; as bases drift from one another, their ability to hydrogen bond decreases. Interestingly, the structures of mismatched pairs CT, GT, and TT correlate more with hydrogen bonding than any other pair.
Base Flip
Unbiased simulations are insufficient to determine the free energy of base flip. The free energy barrier to flip out of the DNA double helix and into solution is too immense to overcome on the simulation time scale. To ameliorate this complication, we applied the well-tempered metadynamics algorithm (28, 45) which computes the free energy surfaces (FES) of base flip over the entire domain. This technique continually adds Gaussian-shaped biasing potentials to each reaction coordinate, driving the system toward previously unexplored configurations.
We compute an FES of base flip for each matched and mismatched pair. We illustrate a representative result in Figure 2 , which compares the free energies of flipping a T base in a GT mismatch with those of the corresponding T base in an AT matched pair and the C base of a matched GC pair. We calculate these one-dimensional profiles from 2-CV metadynamics simulations by Eq. 5. Each of these bases possess the same local environment as the others. For each system, we identify a global minimum in the FES corresponding to the hybridized ground state. Extrahelical conformations form local minima separated from the principal minimum by activation barriers. Similar results have been reported in the literature for a subset of the base pairs considered in this study (30, 46, 47) .
Base flip may resemble other order parameters when a base rotates into the DNA polymer; indeed, it correlates weakly with twist and shear in unbiased simulation. Once the base rotates out of the DNA strand it does not correlate with any of the other order parameters. (Fig. S4) We therefore conclude that base flip is a useful descriptor of base pair structure, building on the thirteen order parameters listed in Table 1 . Despite no significant correlations, slight trends appear. For most structural parameters, the first and second bases of a pair have opposing correlations. For example, the parameter "shift" correlates positively with the base flip of the first base and negatively with the second. This is consistent with the opposing symmetries of hybridized DNA strands.
Calculations of base flip free energy profiles are difficult to converge due to long relaxation timescales; Imhof et. al. (30) 
observed a notable (∼10
• ) shift of the minimum from unbiased to biased simulation of the TG mismatched system. They hypothesize that the long timescale of flipping and re-stacking causes the free energy to converge slowly. We notice a similar shift when testing their base flip reaction coordinate, first defined by MacKerell et. al., (46) with 50 ns metadynamics simulations and biasing only one base, but no such shift when adopting the updated base flip coordinate (10) with a bias potential applied to two bases. To differentiate if this results from the definition of base flip or from the number of biased coordinates, we performed a simulation biasing only one base with the updated base flip coordinate and found still no shift of the minimum. This would indicate that the choice of base flip coordinate is crucial not only for accuracy, as discussed in ref. (10), but also for convergence.
Simulations which bias two bases exhibit lower free energies than those which bias only one base. (Fig. S5 ) Because a lower free energy is favorable, this indicates the 2D biasing potentials possess greater accuracy than their 1D counterparts. The 2D potentials allow the system to explore other favorable states, and better represent the probability landscape of the force field. With our 2D potential we identify configurations we would otherwise not observe biasing only one base; this explains why our results disagree with previous studies: they each bias one base where we bias two. (10, 13, 30, 46, 48) For most configurations studied, a lower-energy "plus" shape is apparent in the 2D FES, with low-energy states extending both vertically and horizontally from the global minimum. We display representative free energies in Fig. 3 ; the remaining profiles are shown in Figs. S6 and S7. This result indicates it is easier to flip only one base out of the polymer, rather than both simultaneously. The pairs CC and TT both exhibit two minima at the flippedin ground states. We clustered the unbiased trajectories to identify molecular geometries corresponding to these minima: different hydrogen bonding configurations illustrated in Fig. 4 . These "wobble" structures have been observed experimentally, not only for TT and CC, but for AA, CT, and GG as well. (41, 49-52) In contrast, all matched pairs include a single relevant stable state with a nearly-isotropic free energy minimum. Unlike previous works (10, 13, 30, 46, 48) which calculated the free energy profiles of one flipping base, we observe a local minimum at roughly (90
• , 100
• ) in most free energy profiles. This minimum is largely unexpected, especially as it produces a large impact on the difference in free energy, ∆G, between the hybridized and solvent-facing states. (Eq. 6) We display our results in Table 2 . For the AC pair this secondary minimum is so prominent its free energy is lower than for the hybridized state. We cluster our metadynamics simulations from this minimum and generate a representative image. (Fig. 5 ) Both bases flip out of the DNA polymer and nestle into the minor groove, pointing toward the 5' termini of the DNA. Because both bases are solvent-facing in this motif, base flip studies biasing only one base could not observe this structure.
This metastable arrangement could be an artifact of the CHARMM27 force field, as it was not parameterized to accurately describe such a structure. Nevertheless, our arrangement is consistent with the e-motif proposed by Gao et. al. (53) in their NMR study of mismatched CC pairs; this gives the possibility of our structure being an experimental possibility more weight. Previous works have investigated the e-motif for mismatch CC pairs in strands with the sequence CCG, typically in triplet repeats i.e. (CCG) N . (53-61) Several of these works identified intrastrand cross-linking stabilizing the motif, (57-59, 61) suggesting our restraint of neighboring base pairs increases the likelihood of observing this motif. In their molecular dynamics simulation study, Zhang et. al. (56) demonstrate the e-motif is better stacked, more compact, and allows for better packing than a structure not presenting the motif. We found the e-motif to be stable; a 100 ns unbiased simulation with the e-motif as an initial condition remained in the motif for the entire length of the simulation. Edfeldt et. al. (62) demonstrated on intrinsic sequence-dependence of the e-motif; we speculate our DNA sequence affects which pairs express or don't express the motif. CC mismatches are some of the most difficult to be recognized by MMR proteins, (32, 33) but are the most likely to exhibit the e-motif. (55, 56, 58) One might speculate whether there is an inverse relationship between presence of the e-motif and MMR recognition.
Conclusion
Our results demonstrate large structural differences between matched and mismatched DNA base pairs. The distributions of order parameters, especially those that measure structure perpendicular to the DNA, differ more for mismatched base pairs than for the corresponding matched pairs. These parameters include stretch, shear, opening, twist, and shift. Mismatched base pairs retain fewer inter-base hydrogen bonds than matched ones. Surprisingly, we observe that structural order parameters do not seem to follow experimentallydetermined MMR recognition trends. (31) (32) (33) (34) This is a qualitative result; the studies cited employ different DNA sequences and experimental methodologies, both of which could precipitate significant changes of their observed results.
Enzymes which recognize and repair base pair mismatches flip mismatched bases into their active sites. For this reason, we rotate bases out of the double helix and into solution as measured by the base flip order parameter. Our results reveal the base flip angle to be mostly uncorrelated with traditional measures of DNA structure, especially at large flipping angles.
To quantify the work required to flip a base, we compute the free energy profiles of base flip by utilizing the well-tempered metadynamics technique. Unlike previous works which bias only one base, (30, 46 , 47) we encounter no systematic difference in the free energy between the hybridized and solvent-facing state for mismatched base pairs than for the corresponding matched pairs. Instead, by analyzing the base flip of both bases simultaneously, we demonstrate the presence of the rare e-motif, in which both bases are solvent-facing, nestled within the minor groove of the DNA.
Multidimensional free energy surfaces reveal the existence of diverse metastable hybridized conformations for some mismatched base pairs. These states correspond to different hydrogen bonding geometries. As expected, we do not observe multiple metastable states for the matched Watson-Crick base pairs.
Our metadynamics simulations revealed the presence of the e-motif, but our results illustrate its presence does not correlate directly with experimentally-determined binding affinities of mismatch repair enzymes, (31-34) implying this motif is not sufficient to quantitatively determine the efficacy of mismatch detection. Effects contributing to mismatch detection not incorporated into our study include the direct interaction of DNA and MMR enzymes, as well as enzyme-induced DNA conformations such as bending. (13, 15-18 List of Figures   Figure 1 Definition of the base flip angle. We define the pseudo-dihedral angle as being between points P1, P2, P3, and P4; P1 is the center of mass of the neighboring base pairs (4 bases in total), P2 and P3 are the centers of mass of the phosphates flanking the flipping base, and P4 is the center of mass of the five-membered ring (of a purine) or the six-membered ring (of a pyrimidine). The two intersecting planes describing the dihedral angle are lightly shaded in yellow and red, and are outlined with dashed lines. For clarity, the opposing base is not pictured. Typical wobble structures for AT, GT, TT, and CC pairs as determined by clustering analysis. Hydrogen bonds as identified by the 3DNA software (19) are expressed as dashed lines. The base flip angles of these configurations are presented in Figure 3 .
Figure 5
Typical configuration of the secondary minimum (e-motif) for the CC pair as demonstrated in Figure 3 . Both bases of interest are no longer stacked within the DNA polymer, but are flipped to be solvent-facing. The bases lie alongside the DNA, within the minor groove, and pointing toward the 5' termini.
Figure S1
The structural parameters employed in this paper. Adapted from Lu et. al.
(1). Parameters measured between a base and its pair are located in the left two columns, between a base pair and the neighboring pair are in the right two columns. Translational parameters are in the first and third columns, rotational in the second and fourth. Figure S2 Probability overlap for opening. The mean probability density of AT and TA matched base pairs (magenta) relative to the probability density of the TT mismatched system (blue). The area in common (hatched) is the probability overlap; for this example it has a value of 0.47.
Figure S3
The normalized covariance between each structural parameter explored in this study and the number of hydrogen bonds. Solid triangles correspond to matched base pairs; hollow circles correspond to mismatched pairs. "X Base Flip" and "Y Base Flip" refer to the flip angles of bases X and Y, respectively. The mean probability density of AT and TA matched base pairs (magenta) relative to the probability density of the TT mismatched system (blue). The area in common (hatched) is the probability overlap; for this example it has a value of 0.47. 
